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Objective: This study tests the hypothesis that neither small nor large
myocardial infarctions that include the anterior papillary muscle produce
mitral regurgitation in sheep. Methods: Coronary arterial anatomy to the
anterior left ventricle and papillary muscle was determined by dye injection
in 41 sheep hearts and by triphenyl tetrazolium chloride in 13. Develop-
ment of acute or chronic mitral regurgitation and changes in left ventric-
ular dimensions were studied by use of transdiaphragmatic echocardiog-
raphy in 21 sheep after infarction of 24% and 33% of the anterior left
ventricular mass. These data were compared with previous data from large
and small posterior left ventricular infarctions. Results: Ligation of two
diagonal arteries infarcts 24% of the left ventricular mass and 82% of the
anterior papillary muscle. Ligation of both diagonals and the first circum-
flex branch infarcts 33% of the left ventricle and all of the anterior papillary
muscle. Neither infarction causes mitral regurgitation, although left ven-
tricular cavity dimensions increase significantly at end systole. After the
smaller infarction, the left ventricular cavity enlarges 150% over 8 weeks
without mitral regurgitation. Conclusions: In sheep small and large infarc-
tions of the anterior wall that include the anterior papillary muscle do not
produce either acute or chronic mitral regurgitation despite left ventricular
dilatation. In contrast large posterior infarctions produce immediate
mitral regurgitation owing to asymmetric annular dilatation and discoor-
dination of papillary muscle relationships to the valve. After small poste-
rior infarctions that include the posterior papillary muscle, mitral regur-
gitation develops because of annular and ventricular dilatation during
remodeling. (J Thorac Cardiovasc Surg 1998;115:615-22)
Ischemic mitral regurgitation (IMR) is a prevalentdisease1 that is caused by acute or chronic myo-
cardial infarction.2 The disease process does not
directly involve the mitral valve leaflets or chordae,
but it does involve other components of the mitral
apparatus, especially the ventricle, papillary mus-
cles, and anulus.3 IMR is differentiated from mitral
regurgitation (MR) associated with coronary artery
disease but caused by other pathologic conditions.3
Both acute and chronic IMR are encountered clin-
ically1, 3, 4; severe MR associated with acute infarc-
tion is life-threatening and usually requires emer-
gency operation for survival.3-5 Chronic MR is a
disease of ventricular remodeling.3 Posterior myo-
cardial infarction, which produces MR more often
than anterior infarction,2, 6 often includes the pos-
terior papillary muscle and is associated with mild to
moderate ventricular dilatation. In contrast anterior
infarction that produces chronic IMR often does not
involve the anterior papillary muscle6 and is associ-
ated with more massive ventricular dilatation.6 Be-
cause the geometric deformations that cause the
valve to leak are not well understood, repair of
severe IMR is less satisfactory than valve replace-
ment7; and, more often than not, mild to moderate
IMR is not addressed at all during myocardial
revascularization procedures.1, 3
The development of a sheep model of acute and
chronic IMR8 and new imaging techniques of three-
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dimensional echocardiography,9 marker angiogra-
phy,10 and sonomicrometry array localization11 pro-
vide technology to determine the specific geometric
deformations that cause IMR. An understanding of
these deformations is prerequisite to successful correc-
tion of IMR. This study further develops the sheep
model of IMR by correlating the development of IMR
to small and large anterior and posterior infarctions.
Methods
Anatomic studies. Coronary arterial anatomy was de-
termined in 41 excised sheep hearts that were obtained
from a local slaughterhouse and flushed with heparinized
saline solution (10 U/ml) and stored in refrigerated saline
solution containing 1 gm chloramphenicol. All these
hearts and those used in the in vivo studies (below) were
type A in that the homonymous artery supplied the left
ventricular apex.8 Because sheep lack preformed collat-
eral vessels,12, 13 10 ml of methylene blue dye was injected
by hand into specific vessels to determine the myocardial
territory supplied by each vessel or vessel group. After
injection, stained hearts were sliced transaxially at 5 mm
intervals. Each slice was traced onto acetate paper and
carefully marked to differentiate stained and unstained myo-
cardium. Tracings were digitized (Truegrid, Houston Instru-
ments, Houston, Tex.) and the percentage of myocardium
served by each branch was calculated with customized soft-
ware (Asyst Software Technologies, Rochester, N.Y.).
Six injections of methylene blue dye were made into the
first diagonal artery (D1) and five injections were made
into the second diagonal (D2). The first obtuse marginal
of the circumflex artery (OM1) was injected in five hearts.
In six hearts the combination of D1 and OM1 were
simultaneously injected. Seven injections were made si-
multaneously into the first (D1) and second (D2) diagonal
branches of the homonymous artery (equivalent to the
human left anterior descending coronary artery), and
seven injections were made into D1, D2, and OM1.
The percentage of anterior papillary muscle mass sup-
plied by the two diagonal arteries was determined in five
additional slaughterhouse sheep hearts by volume dis-
placement. Methylene blue dye (10 ml) was injected into
D1 and D2. The anterior papillary muscle was carefully
excised and included the contiguous left ventricular wall.
Stained muscle was sharply demarcated and was easily
separated from unstained muscle; the volume of each
portion was determined by saline displacement in a grad-
uated cylinder. The percentage of the anterior muscle
mass supplied by D1, and D2 was calculated from the
volume measurements.
In vivo studies. In compliance with the Guide for the
Care and Use of Laboratory Animals1 published by the
National Institutes of Health (NIH publication 85-23,
revised 1985) 21 Dorsett hybrid sheep between 35 and 45
kg and bred for laboratory use were induced with sodium
thiopental (12.5 mg/kg intravenously) and intubated. An-
esthesia was maintained with 1% to 2% isoflurane in
oxygen. All animals received glycopyrrolate (INN: glyco-
pyrronium bromide) (0.4 mg intravenously) 1 hour before
incision; surviving animals also received cefazolin (1 gm
intravenously) before and 1 day after operation. All
animals had left thoracotomy with sterile or clean8 tech-
nique. Animals received magnesium (1 gm intravenously)
and lidocaine (3 mg/kg intravenously) before ligating
selected coronary arteries and had an infusion of lidocaine
(2 mg/min) for 60 minutes afterward. The wound was
closed with a single chest tube in surviving animals; when
the sheep awakened, the endotracheal tube and chest tube
were removed. These animals received flunixin meglu-
mine (1 mg/kg intramuscularly) postoperatively for pain.
Quantitative, subdiaphragmatic echocardiographic
studies were obtained before and after infarction in all
sheep and were repeated at 4 and 8 weeks after infarction
in 8 of the 21 animals. The reproducibility of two-
dimensional echocardiographic measurements in sheep
over time has been previously reported.14 Briefly left
ventricular (LV) short axis images acquired subdiaphrag-
matically are selected at baseline by use of internal
landmarks (i.e., papillary muscles, tips of mitral valve leaflets,
circular shape of the cavity, and thickness of ventricular
walls). This combination of objective criteria enabled acqui-
sition of true short axis slices with a high degree of certainty.
After infarction, short axis images were not completely
circular and wall thickness was not uniform; thus images
were acquired only when papillary muscles and tips of mitral
leaflets were aligned in plane.1 The degree of mitral regur-
gitation was determined by color flow Doppler velocity
mapping by use of previously described criteria.15
In 13 sheep D1 and D2 were ligated; five of these
animals were killed after echocardiographic data were
obtained. In 8 sheep D1, D2, and OM1 were ligated; all of
these sheep were killed after the acute study. The per-
centage of infarcted myocardium in the 13 sheep killed
shortly after infarction was determined after infusion of
triphenyl tetrazolium chloride for 30 minutes as described
previously.16 In the 8 sheep that were followed for 8 weeks
after ligation of D1 and D2 echocardiograms and color
flow Doppler velocity maps were obtained during a sterile
laparotomy by use of right or left subcostal or midline
upper abdominal incisions.17 LV dimensions and infarct
size were determined from short axis echocardiograms at
end systole and end diastole at each time interval. Infarct
size was assessed echocardiographically as the length of
endocardium that was akinetic or dyskinetic. At autopsy
the percentage of anterior papillary muscle infarction was
determined by volume displacement.
Statistics. Mean and standard deviations were calcu-
lated. For acute studies measurements before and after
infarction were compared by the paired t statistic and p
values were calculated using SPSS 6.0 software (SPSS,
Inc., Chicago, Ill.). For chronic studies, measurements
after infarction were compared with before infarction
using analysis of variance for repeated measurements with
SPSS software. P values for differences before and after
infarction were calculated by the paired t statistic with the
Bonferroni correction.
Results
Anatomic studies. Together D1 and D2 supply
24.6% 6 4.7% of the LV mass in 7 slaughterhouse
hearts and 23.9% 6 2.2% in 5 sheep studied after in
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vivo ligation of both vessels (Table I). The size of the
two vessels varies reciprocally between each other, but
the territory supplied by D1 and D2 is quite constant
(Fig. 1). The percentage of the anterior papillary
muscle supplied by D1 and D2 averaged 82.7% 6
8.9% (n 5 5). The percentage of LV mass supplied by
D1, D2, and OM1 averaged 30.5% 6 3.2% (n 5 7) in
slaughterhouse hearts and 35.2% 6 4.9% in 8 animals
that were killed after ligation of these three vessels.
Ligation of D1, D2, and OM1 infarcted all of the
anterior papillary muscle in every sheep (Fig. 2).
In vivo studies. No MR developed in 11 of 13 sheep
30 to 60 minutes after the D1, D2 infarction. In one
sheep 31 MR developed immediately; in another 21
MR that persisted over 8 weeks of follow-up occurred.
Acute changes in ventricular dimensions of these two
sheep did not differ from the others, and no explana-
tion for development of MR was found. No MR
developed in the 8 sheep after ligature of D1, D2, and
OM1 coronary arterial branches.
Changes in LV dimensions after infarction in the
three groups of animals are presented in Table II
and Figs. 2 through 4. Diastolic short axis dimen-
sions did not significantly increase immediately after
either small (D1, D2) or large (D1, D2, OM1) anterior
infarctions. In contrast end-systolic cavity diameter
and area significantly increased by 13.8% and 33.3%
immediately after ligation of D1, D2 and 12.5% and
34.2% after ligation of D1, D2, and OM1 (Table II).
Greater increases in ventricular dimensions oc-
curred during the 8 weeks after occlusion of D1, D2
(Table II, Fig. 4). By 4 weeks the entire left ventricle
was dilated both at end systole and at end diastole
and continued to enlarge further during the next 4
weeks. MR did not develop despite an increase in
end-systole cavity area of 150% (Table II).
Discussion
The roles of papillary muscle infarction and an-
nular dilatation in the pathogenesis of IMR are
explained by comparing sizes and locations of ovine
infarctions (Table III). In previous studies large
acute posterior infarctions of 32% to 35% of the LV
mass include the posterior papillary muscle, produce
severe MR and asymmetric dilatation of the poste-
rior anulus that causes a small (9.3%) but significant
increase in annular area.17, 18 Large acute anterior
infarctions of 31% to 35% of the LV include the
anterior papillary muscle, do not produce MR, and
probably do not increase annular area for the fol-
lowing reasons. In dogs systolic constriction of the
normal anulus is minimal along the anterior anu-
lus.19 The anterior anulus is reinforced by the fi-
brous trigone. Anterior infarctions are located
closer to the apex than the base. An I-beam* effect
of the anterior septum abutting the right and left
ventricular walls probably limits displacement of the
anterior papillary muscle.
Large posterior acute infarctions produce imme-
diate MR because of the combination of asymmetric
annular dilatation and papillary muscle infarction
that together distort the spatial relationships of
leaflet coaptation.14, 18 Large anterior acute infarc-
tions do not enlarge or distort the mitral anulus
sufficiently to produce acute IMR even though the
anterior papillary muscle is infarcted.
Small anterior ovine infarctions involve 24% of
the LV mass and greater than 80% of the anterior
papillary muscle, do not cause acute or chronic
IMR, but produce massive LV dilatation over time.
Small posterior ovine infarctions involve 21% to 24%
of the LV mass, may or may not involve the poste-
rior papillary muscle, do not produce acute MR, but
may produce MR over time if the posterior papillary
muscle is involved.8 Acute coronary occlusion pro-
duces an immediate loss of myocyte shortening20;
thus the posterior papillary muscle stops contracting
immediately after ligation of its blood supply, but
this loss does not produce MR.8 As the anulus and
LV dilate over time, postinfarction ventricular re-
modeling produces MR and a large increase in
annular area and LV volume.* Small posterior
infarctions that do not include the posterior papil-
lary muscle produce ventricular dilatation but min-
*Gorman JH III, Gorman RC, Kelley ST, Gikakis N, Plappert T,
St. John-Sutton MG, et al. Pathologic geometry of chronic
mitral regurgitation after posterior myocardial infarction.
Manuscript in preparation.
Table I. Relationship between ovine coronary
anatomy and amount of left ventricular mass
supplied by single vessels and combinations of
arteries in sheep
Coronary arteries N
Infarct size
(%)
Slaughterhouse hearts D1 6 16.5 6 2.9
D2 5 16.0 6 3.2
OM1 5 12.3 6 2.0
D1,OM1 6 19.2 6 4.7
D1,D2 7 24.6 6 4.7
D1,D2,OM1 6 31.0 6 3.0
In vivo hearts D1,D2 5 23.9 6 2.2
D1,D2,OM1 8 35.2 6 4.9
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Fig. 1. A, Photograph of the ventricular surface of the anterolateral wall after separate methylene blue
injections of D2 and OM1 in a slaughterhouse heart. The injected heart was cut approximately along a right
anterior oblique axis to demonstrate the location and sharp outlines produced by the dye injection of the
myocardium supplied by both diagonals and the first two circumflex marginal coronary arteries. The
anterior leaflet of the mitral valve partially remains, but the tip of the anterior papillary muscle (APM) has
been removed. B, Drawing of the photograph in A with labels. OM2 and OM1, Myocardium supplied by
circumflex marginals OM2 (unstained) and OM1 (stained). D1 and D2, Myocardium supplied by diagonal
coronary arteries D1 (unstained) and D2 (stained).
Fig. 2. Short axis echocardiograms before (A, B) and 30 to 60 minutes after (C, D) ligation of D1, D2, and
OM1 at end diastole (A, C) and end systole (B, D). The cross-sectional cavity area at end diastole is not
increased by adding OM1 to ligation of D1, D2 (see Fig. 3, Table II). Arrow in D points to the approximate
center of the infarction.
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imal annular dilatation and no MR.* Thus when the
infarct is small (21% to 24%), ischemic MR in sheep
requires annular dilatation, papillary muscle infarc-
tion, and posterior location. Neither small nor large
anterior infarctions produce IMR in sheep even
though the LV dilates and all or most of the anterior
papillary muscle is necrotic.
In patients variability of coronary arterial anat-
omy and the heterogeneity of myocardial infarctions
preclude correlation between the size and location
Fig. 3. Short axis echocardiograms before (A, B) and 30 to 60 minutes after (C, D) ligation of D1, D2 at
end diastole (A, C) and end systole (B, D). Note that most of the increase in cross-sectional cavity area
occurs at end systole. Arrow in panel D indicates the approximate center of the infarction.
Table II. Changes in total area, cavity area, and short axis cavity diameter at end diastole and end systole and
total end-diastolic endocardial perimeter and end-systolic length (longitudinal axis) of the akinetic segment
Arteries Infarction
End diastole End systole
Endocardial
perimeter
(cm)
Akinetic
length
(cm)
Total area
(cm2)
Cavity area
(cm2)
Cavity
diameter
(cm)
Total area
(cm2)
Cavity area
(cm2)
Cavity
diameter
(cm)
D1,D2,OM1 acute Before 27.3 6 5.0 14.3 6 2.9 4.2 6 0.5 22.5 6 3.9 8.2 6 1.5 3.2 6 0.3 13.7 6 1.3 0
After 29.0 6 6.0 16.5 6 4.0 4.3 6 0.3 24.8 6 4.7 11.0 6 2.4* 3.6 6 0.3† 14.6 6 1.7 4.6 6 1.1
D1,D2 acute Before 25.3 6 2.9 13.4 6 3.0 4.0 6 0.7 20.2 6 3.0 6.9 6 1.7† 2.9 6 0.2† 13.2 6 1.5 0
After 27.4 6 2.6 15.0 6 2.4 4.4 6 0.5 22.5 6 1.9 9.2 6 1.2 3.3 6 0.4 13.9 6 1.0 3.3 6 0.7
D1,D2 chronic Before 22.2 6 2.6 11.3 6 1.7 3.5 6 0.4 17.6 6 3.1 5.9 6 1.7 2.5 6 0.5 12.0 6 1.0 0
After 25.7 6 2.7 13.5 6 1.9 4.1 6 0.4† 21.5 6 2.0 7.2 6 0.9 2.9 6 0.2 13.5 6 1.0 2.3 6 1.6
Four weeks 30.6 6 3.0‡ 17.7 6 4.0* 4.6 6 0.5‡ 26.9 6 4.2‡ 13.6 6 3.5‡ 4.0 6 0.4‡ 15.2 6 1.7‡ 4.8 6 0.7‡
Eight weeks 34.2 6 6.6‡ 19.6 6 6.2‡ 4.8 6 0.6‡ 30.1 6 6.2‡ 14.8 6 4.6‡ 4.2 6 0.6‡ 15.9 6 2.3‡ 4.9 6 0.7‡
*p , 0.01 for indicated time point versus before infarction by paired t test (Bonferroni correction).
†p , 0.05 for indicated time point versus before infarction by paired t test (Bonferroni correction).
‡p , 0.001 for indicated time point versus before infarction by paired t test (Bonferroni correction).
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of infarctions and the presence or absence of IMR.21
Echocardiograms often show incomplete mitral
valve closure in patients with IMR,22 and the ven-
tricle is more spherical in shape.23 Chronic IMR
caused by posterior infarctions is associated with
complete infarction of the papillary muscle6 and less
overall LV dilatation than chronic IMR involving
the anterior papillary muscle.22 In approximately
Fig. 4. Short axis echocardiograms before (A, B) and 8 weeks after (C, D) ligation of D1, D2, and OM1
at end diastole (A, C) and end systole (B, D). Although end-diastolic cavity area has increased 73% 8 weeks
after infarction, end-systolic cavity area has increased 151% (Table II). Arrow indicates the approximate
center of the infarction.
Table III. Summary of variables related to ischemic mitral regurgitation in sheep. Citations for posterior
myocardial infarction given in the first column. Qualitative estimates of the magnitude of mitral regurgitation
and left ventricular dilation are given in a scale of 1 to 41
Location of infarct
Time after
infarct
Size of
infarct
(%) MR
Papillary
muscle
necrosis
Annular
dilatation
Left
ventricular
dilatation
Posterior infarctions
OM1,OM2 (8) Acute 24 No No No No
(8) Late No No Unknown 41
OM2,OM3
Complete (8,21)
Acute 21 No Yes No No
(21) Late 31-41 Yes 41 41
OM2,OM3
Incomplete (21)
Acute 21 No No No No
(21) Late No No No 21
OM2,OM3,PDA
(17,19)
Acute 32-35% 21-31 Yes Asymmetric 21
Anterior infarctions
D1,D2 Acute 24 No Yes Unlikely 21
Late No Yes Unlikely 41
D1,D2,OM1 Acute 35 No Yes Unlikely 11
MR, Mitral regurgitation.
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half of the patients with chronic IMR caused by
anterior infarctions, the anterior papillary muscle is
not involved,2, 6 but in all patients the left ventricle is
markedly dilated.21 Because the diameter of the
mitral anulus is closely related to LV end-diastolic
volume,24, 25 IMR after anterior infarctions corre-
lates with large ventricular volumes in patients.21
Except for papillary muscle rupture, most acute
infarctions that produce life-threatening IMR in
patients are posterior and involve the posterior
papillary muscle.2, 3, 5 Often the degree of LV dila-
tation is relatively small unless the ventricle was
dilated before the acute infarction.2 The anulus is
not dilated,2, 5 and most of these infarctions are
associated with single- or double-vessel coronary
arterial disease.3 When the anterior papillary muscle
is infarcted in acute postinfarction MR, usually both
the ventricle and anulus are dilated.2
The anatomy of sheep and human mitral valves
differ in details, but the design is the same and the
mechanism of ischemic MR after infarctions of
various sizes and locations is probably similar. In
sheep most of both papillary muscles is contiguous
with the ventricular wall,11 chordae are proportion-
ately shorter,11 and perhaps the importance of pap-
illary muscle shortening is less than in humans.
Nevertheless the consistency of ovine coronary ar-
terial anatomy, lack of preformed collateral vessels,
and predictability of the size and location of infarc-
tions strips away extraneous variables caused by the
heterogeneity of human disease and permits a
clearer understanding of the anatomic deformations
that lead to acute and chronic IMR. These findings
correlate well with patient observations, validate the
usefulness of the sheep model, and provide a basis
for more effective surgical repair of acute and
chronic IMR.
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